Abstract A green multicomponent one pot synthesis of novel 2-(1H-indol-3-ylmethyl)-5, 5-dimethyl-cyclohexane-1,3-diones (4a-l) in excellent yields was conveniently carried out in aqueous medium at room temperature over mpCuO as heterogeneous catalyst. The synthesised 3-alkylated indoles were characterised by FTIR, 1 H NMR, 13 C NMR and HRLCMS. The nanocatalyst was facially synthesised via a green sol-gel route and characterised by SEM, TEM, EDX, PXRD, BET and FTIR. The porous nanocatalyst can be recycled five times without significant drop in product yield. Docking studies against enoyl acyl carrier protein reductase predicts that the compounds bind at the active site with high binding affinity values. The compound 4k (MIC, 15 lg/mL) shows comparable activity in reference to Isoniazid at the same concentrations against MT H37 Rv. 
Introduction
Natural products are the main source of motivation to design and synthesise new molecules for drug development. Most of these natural products consist of a heterocyclic core. Amongst nitrogen containing heterocycles, indole is a ubiquitous structural unit of a number of natural products like rutaecarpine, horsfiline, spirotryprostatin B, cryptosanguinolentine etc. Indole moiety has been employed in the designing of new heterocyclic compounds with diverse biological and pharmacological properties like antimicrobial, antitubercular, antimalarial, antitubulin, sodium-glucose cotransporter-2 inhibitors, antioxidant and fluorescent metal probes to sense molecular recognitions [1] [2] [3] [4] [5] [6] [7] . However, indole derivatives bearing ferrocene moiety and carboxylate chains have been found to exhibit potent anticancer, cytotoxic and antiviral [1, [8] [9] [10] [11] properties.
Multi-component reactions (MCRs) are of immense importance in the field of medicinal chemistry. MCRs favour molecular diversity to be generated by mixing simple precursors by facile creation of several new bonds in a single-step transformation with no need of intermediate isolation and their purification quite ultimately affords a desirable complex product [9, [11] [12] [13] . High atom-economy, mild conditions, structural complexity and environmentally benign synthesis of some valuable heterocyclic scaffolds are one of the most advantageous features encountered in MCRs [14] .
Heterogeneous catalysis in water as a solvent is regarded as green and sustainable approach. As a consequence, synthetic chemists prefer to design MCRs in water over potentially toxic non-aqueous organic solvents to reduce chemical impurity, to allow easy work-up as a consequence of its ideal behaviour. Water is known to enhance the rate and selectivity of organic transformations due to the interactions like hydrogen bonding, hydrophobic effect and trans-phase interactions [15, 16] . Water also tends to have many practical and economic advantages as a reaction solvent, including low cost, inflammable and high specific heat capacity which renders it one of the safest mediums specifically for exothermic transformations [17] .
The fusion of a benign aqueous medium and nano-catalyst seems to be a fascinating way to explore the next generation of green and efficient protocols. Because of its high surface area and maximum active sites, nanomaterials exhibit excellent catalytic activities compared with the corresponding bulk materials [18] . In this regard, the searching for a method to incorporate moieties like indole and dimedone to construct a valuable heterocyclic scaffold by nanocatalytic one pot reaction in water should be strongly desired.
The synthesis of 3-substitted indoles via Knoevenagel/ Michael reaction is found to be atom efficient and thus are inherently green transformations [19] . The reaction has been traditionally accomplished with various basic catalysts/ reagents, like NaOH [20] , and Mg-Al-O-t-Bu hydrotalcite [21] . Under these strong basic conditions side reactions, such as aldol addition, polymerizations, and rearrangements, were frequently observed [22] . Recently, various Lewis and Bronsted acid catalysts such as InBr 3 [23] [25] , CeCl 3 Á7H 2 O-NaI [26] , SmI 3 [27] , and K10-FeO [28] , and metal salts have been used [29] . However, some of the reported protocols with homogeneous catalysts suffer from severe disadvantages such as strong acidic conditions, complicate work-up procedures, expensive reagents, inadequate yields, and long reaction time.
MCRs assisted by recyclable nanocatalysts under green reaction conditions present an efficient tool for the sustainable synthesis of heterocycles [30] . Nanocrystalline metal oxides of Zn and Mg have been used to catalyse green organic transformations in water [13, 31] . However, it is interesting to note that the addition of low levels of Cu as a promoter to ZnS nanoparticles (ZnS NPs) has improved the catalytic activity sevenfold higher than ZnS NPs alone [17] . Doping with copper introduced measurable changes in the surface and catalytic system of a ZnS NPs. Still, there is a demand of developing truly recyclable heterogeneous catalyst under benign reaction conditions.
With this background, and as a part of our on-going research towards green chemistry and nanocatalysis, we herein report a facile one-pot synthesis of a novel series of 2-(1H-indol-3-ylmethyl)-5,5-dimethyl-cyclohexane-1,3-diones 4a-l (Scheme 1) using mpCuO as a reusable heterogeneous catalyst in water. The antitubercular nature of synthesised compounds was determined by means of disc diffusion assay. Amongst the various targets for anti TB drugs, enoyl-acyl carrier protein (ACP) reductase being a well established target [32, 33] was selected as the target for docking simulations. ACP reductase is a key enzyme for the synthesis of the type II fatty acids.
Experimental

Chemicals and apparatus
Sigma-Aldrich, CDH and Merck purchased chemicals were used without purification to carry out this work. Melting points were determined using open capillary tube melting point apparatus and are presented without any correction. The infrared (IR) spectra were recorded on a FTIR Shimadzu-8400S spectrometer using KBr pellets. The 1 H NMR and 13 C NMR spectra were recorded on Bruker Avance 400 spectrometer using tetramethylsilane (TMS) as the internal standard and CDCl 3 as solvent. HRLCMS were determined on Bruker Microtoff-QII 10330 mass spectrometer. The purity of the compounds was checked by TLC using Merck pre-coated silica gel GF aluminium plates.
General one pot synthesis of 2-(1H
A mixture of indole (1 mmol), dimedone (1 mmol) and substituted aldehyde (1 mmol) in 10 ml water in the presence of 0.04 mmol mpCuO (Supplementary S1-S6) as a heterogeneous catalyst was stirred at room temperature till the completion of reaction (checked by TLC). The resulting solid compound was filtered off and then treated with DMF. The mixture was centrifuged at 2500 rpm for some time to recover mpCuO particles. The organic solution was then poured into water, and filtered and recrystallized from ethanol followed by drying under vacuum to afford the pure product (Scheme 1). 
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In vitro biological evaluation assay 2.3.1. Antitubercular activity
Mycobacterium tuberculosis bacterial strain (MTCC CODE 300) purchased from the Institute of Microbial Technology (MTCC) Chandigarh (India), was cultured in blood nutrient agar medium in late logarithmic (A 600 nm = 1) fashion. Bacterial strains possessing a plasmid adhering Isoniazid resistance marker were cultured in the same medium containing 100 lg/mL Isoniazid. It was shortly followed by streaking of 0.5 lL bacterial spread on LB agar plates (25 mL agar medium ± 90 lg/mL Isoniazid discs over 9 cm Petri plates) as control. Filter discs (5 mm diameter) of Whatman range were treated with 5 lL of compound solutions including reference (Isoniazid). After this, discs were air-dried for 7-10 min and kept over the plates. These plates were incubated at 37°C for about 48 h in a humid chamber [34] . Following this, zone inhibition diameters were observed and measured carefully.
Docking study
The high resolution crystal structure of Enoyl-ACP reductase was downloaded from the RCSB PDB website (PDB ID: 1QG6) [35] . All molecular docking calculations were performed on Auto Dock-Vina software [36] . The protein was prepared for docking by removing the co-crystallized ligands, waters and co-factors. The AutoDockTools (ADT) graphical user interface was used to calculate Kollman charges and polar hydrogens. The ligand was prepared for docking by minimising its energy with MMFF94 s force field. Partial charges were calculated by Geistenger method. The active site of the enzyme was defined to include residues of the active site within the grid size of 40 Å Â 40 Å Â 40 Å . The most popular algorithm, Lamarckian Genetic Algorithm (LGA) available in Autodock was employed for docking . The docking protocol was tested by extracting co-crystallized an inhibitor from the protein and then docking the same. The docking protocol predicted the same conformation as was present in the crystal structure with RMSD value well within the reliable range of <1 Å (Fig. 1) . Amongst the docked conformations, one which Figure 1 Superimposition of docked conformation (pink) over the co-crystallized conformation (yellow) of triclosan shows RMSD value close to zero, confirming the reliability of docking protocol.
binds well as the active site was analysed for detailed interactions in Discover Studio Visualizer 4.
Results and discussion
Synthesis
To the best of our knowledge, this new synthetic strategy provides the first example of a facile three component protocol for the preparation of novel 2-(1H-indol-3-ylmethyl)-5,5-dime thyl-cyclohexane-1,3-diones (4a-l). To get the best experimental conditions, the reaction conditions were optimised for the preparation of 4a chosen as model reaction for both at room temperature and at reflux conditions. As depicted in Scheme 1 indole and dimedone as reacting materials were treated with different aldehydes. A number of solvents in the presence of a variety of catalysts (with/without suitable additive) were employed to design a desirable reaction medium. Initially dichloroethane (DCE), a nonpolar solvent in the presence of anh.FeCl 3 furnished 4a with poor yield including prolonged reaction time (Table 1 ; entry; 1, 23%) [25] . Afterwards, reaction was performed in solvents like dimethyl sulphoxide (DMSO), acetonitrile (ACN), tetrahydrofuran (THF/HOH) and dimethyl formamide (DMF) using different metal catalysts like CuI/K 2 CO 3 , KO t Bu, Li(OH) 2, and Cs 2 CO 3. It was observed that the product yield was obtained in 9%, 18%, 11%, 14%, and 23% (Table 1 ; entry 2-6) but prolonged reaction time was still a challenge [9, 37, 38, 19, 39] . Inspired by these results the reaction was then carried in more polar solvents like methanol (MeOH), ethanol (EtOH/HOH), acetic acid (AcOH) and water using the catalysts anh.ZnCl 2 , AcOH, 4-dimethylaminopyridine (DMAP), dibutylamine and PEG/OSO 3 H . In this context, the reaction occurred smoothly and improved product yield as well as reaction time. As a result we were able to isolate the product yield at 27%, 33%, 43%, 57%, 43% and 55% (Table 1 ; entry; 7-12) [40] [41] [42] [43] [44] [45] . Finally, water was taken as a best medium choice which in the presence of a suitable catalyst mpCuO (Table S1 , 4 mol %) afforded 4a (Table 1 ; entry 13, 93%) in highest yield than all other solvents. It is evident that amongst these catalysts, mpCuO give the better results. Besides interesting features regarding high surface area, nice porosity, moisture stability, the better catalytic activity of mpCuO may also be attributed to high proportion of structural defects and minimal coordinated sites on its surface [46, 47] .
The plausible mechanism (Scheme 2) explaining the aforementioned results assumes that mpCuO coordinates to the carbonyl oxygen of aldehyde and facilitates its reaction with dimedone via Knoevenagel type coupling results in the formation of a, b-unsaturated ketone 6. Coordination of mpCuO to first formed Knoevenagel product 6 activates it towards nucleophilic addition of indole at its C(3) position to afford the intermediate 7. Finally, there occurs electron reorganization in 7 accompanied with H-transfer to afford desirable compound 4, acquitting the catalyst for the next cycle (see Table 2 ).
The reusability of the catalysts broadens their area of potential applications. It is pertinent to mention that the mpCuO was found to exhibit almost same catalytic activity only showing a slight variation in reaction rate and % yield of desired product. It may be due to coagulation of the nano Table 1 Optimised catalyst (or additives) and solvent effects on the reaction rate and % yield of 2-[(4-chloro-phenyl)-(1H-indol-3-yl)-methyl]-5,5-dimethyl-cyclohexane-1,3-dione (4a). 3-Alkylated indole derivatives as antitubercular agentsparticles resulting in the reduction of surface area of nanocatalyst used (Fig. 2) . The catalyst recovered above was added to the aqueous phase containing the same reactants. The experiments were repeated for four times and the products were identified by their melting points and IR spectra. As indicated in the Fig. 2 , the catalyst can be used more than five times without a significant drop in product yield. The synthesised compounds 4a-l were characterised by different spectral techniques like IR, NMR and HRLCMS. IR spectrum of compound 4a exhibited sharp bands at 822 cm
À1
and 1320 cm À1 assigned to C-Cl and C-N is stretching frequencies respectively. The band at 1717 cm À1 indicated the presence of dimedone carbonyl whereas aromatic C-H stretching was observed at 3045 cm À1 . In 1 H NMR spectrum of 4a four singlets due to protons of C15/16-CH 3 , C12/14-CH 2 , Scheme 2 The plausible mechanism for one pot synthesis of 2-(1H-indol-3-ylmethyl)-5,5-dimethyl-cyclohexane-1,3-diones (4a-l). + , in agreement with the molecular weight of the compound (Supplementary S7-S9).
Docking study
Docking study reveals that the synthesised molecules bind at the same site where the co-crystallized drug Triclosan is attached. (Fig. 3) Ser91 and Thr194 form H-bonds of length 2.84 and 2.78 Å respectively with 4k, the highest scoring molecule (Fig. 4) . These interactions along with other prominent interactions are described in (Fig. 5) . The interactions predicted by docking study suggest a strong ligandmacromolecule complex. These findings reveal that the synthesised molecules possess high affinity towards bacterial Enoyl-ACP reductase. Binding affinity values of greater than À9 kcal/mol for all the ligand-ACP-reductase complexes corroborates the above conclusion (Table S2 ). Compound 4e, 4f and 4a follow compound 4k in docking score. The computational predictions were complemented by the in vitro antitubercular activity values.
As is evident from Table 3 , compound 4d, 4e, 4j and 4k are able to inhibit the bacterial strain to appreciable levels with respective MIC values of 60, 15, 15 and 60 lg/mL in comparison to Isoniazid taken as standard against Mycobacterium tuberculosis. However the rest of the tested compound showed MIC values ranging from 90 to >180 lg/mL (Table 3 ). In general the methoxy and nitro derivatives show better activity as compared to chloro, methyl and benzyl derivatives. The reason behind the observed activity trend seems to be the way in which the molecules bind at the target active site as is predicted by docking (Figs. 1 and 3 ). The compound 4k shows better inhibition than all other compounds at the same concentrations. 
3-Alkylated indole derivatives as antitubercular agents
Conclusion
Here we report the fusion of benign aqueous medium and nano-catalyst to develop a mild and green approach with higher environmental sustainability for the synthesis of novel 2-(1H-indol-3-ylmethyl)-5,5-dimethyl-cyclohexane-1,3-diones employing a MCR protocol. Operational simplicity, reduced reaction times, better functional group tolerance, excellent yields and ease of product isolation are the advantageous features encountered which makes the present methodology as desirable. Attractive features of mpCuO are high catalytic efficiency, maximum surface area and recyclability. In vitro antitubercular evaluation has verified that compounds (4a-l) can be used to generate a library of antitubercular analogues which can exhibit better selectivity. Indeed, docking studies corroborate to the in vitro results as well. 
